Background--Patients undergoing percutaneous coronary intervention (PCI) are older with greater medical comorbidities and anatomical complexity than ever before, resulting in an increased frequency of nonemergent high-risk PCI (HR-PCI). We thus sought to evaluate the temporal trends in performance of HR-PCI and utilization of mechanical circulatory support in the largest integrated healthcare system in the United States.
P ercutaneous coronary intervention (PCI) has evolved over the past 2 decades, given that the patient population receiving this therapy has become older with significantly greater medical comorbidities. 1 The anatomical complexity of individuals undergoing PCI has also increased given that more medically acute patients may be deemed ineligible for surgical revascularization, 2, 3 whereas advances in procedural techniques and devices allow them to undergo treatment in the cardiac catheterization laboratory. This has resulted in the growth of nonemergent high-risk intervention, variably defined as percutaneous revascularization of vessels supplying a large myocardial territory in the setting of severely depressed left ventricular systolic function. [4] [5] [6] A number of studies have demonstrated that high-risk PCI (HR-PCI) performed in these patients may be associated with significant morbidity and mortality. 7, 8 Because of this, numerous adjunct supportive therapies have been developed to reduce the risk of this procedure. Mechanical circulatory support may decrease adverse outcomes during HR-PCI. Initial studies evaluating intra-aortic balloon pump counterpulsation in this setting have not demonstrated a significant reduction in major adverse cardiovascular events or periprocedural mortality. 9, 10 Novel mechanical support technologies that provide greater degrees of circulatory assistance have since been developed, with the hopes of improved clinical outcomes. A percutaneously inserted axial flow pump (Impella) has been demonstrated to improve hemodynamic parameters among patients undergoing highrisk intervention, with several multicenter registries demonstrating the safety and feasibility of using this device. 11, 12 One randomized trial has also documented the potential efficacy of an axial flow pump, with a trend toward a reduction in major adverse events 90 days postprocedure that did not reach statistical significance. 13 Other percutaneous ventricular support devices (eg, Tandem Heart) have also been investigated, demonstrating similar findings. 14, 15 These novel percutaneous mechanical support therapies may provide additional protection for HR-PCI, leading to their recommendation by expert committees. [15] [16] [17] However, the temporal trends in the performance of HR-PCI and utilization of mechanical support are unknown. With this in mind, the present project sought to evaluate the temporal trends and site-level variability in the performance of high-risk coronary intervention and the use of concomitant mechanical support in the largest integrated healthcare system in the United States, the Veterans Affairs (VA) Healthcare System.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request, though will be subject to the stringent data privacy rules of the VA Healthcare System and US government.
Population
The VA Clinical Assessment Reporting and Tracking Program is a national quality and safety program for invasive cardiac procedures within the VA Health Care System. As described previously, this mandatory program captures and compiles standardized patient and procedural data elements for all invasive cardiac procedures performed in VA cardiac catheterization laboratories. 18 The data elements surveyed are derived from previously established data definitions from the NCDR (National Cardiovascular Data Registry), and the data set is independently assessed for accuracy and validity on a routine basis. 19, 20 The present study focused on adult (>18 years)
patients that underwent nonemergent HR-PCI between January 2008 and June 2018. HR-PCI was defined according to previously published studies and consensus documents. [4] [5] [6] More specifically, a PCI was deemed high risk if the patient undergoing the procedure met 3 specific criteria:
1. Clinical criteria: medical comorbidities resulting in an estimated clinical risk of periprocedural mortality to be >1.1% by the NCDR for Catheterization Percutaneous Coronary Intervention (CathPCI) Mortality model. 21 2. Hemodynamic criteria: evidence of hemodynamic impairment, characterized as a left ventricular ejection fraction ≤35%. This value was derived from previously published clinical consensus documents on the definition of highrisk percutaneous coronary intervention. [4] [5] [6] 3. Anatomical criteria: evidence of anatomical coronary complexity, as defined using the simplified anatomical risk score for coronary arteries (VA SYNTAX). 22 High-risk anatomical complexity was defined as a VA SYNTAX score >15 (the highest tertile of anatomical complexity).
The primary cohort included patients that met all 3 of these criteria, ensuring that this was very specific for a highrisk subpopulation of patients undergoing coronary intervention. A subsequent analysis was performed for patients that met at least 2 of these 3 criteria. All procedures were reviewed and approved by the Colorado Multiple Institutions Review Board, with a waiver of informed consent.
Measurements
Patient and procedural characteristics were derived from the linked electronic medical record and cardiac catheterization report documentation. The procedural details of the coronary intervention, including the utilization of mechanical support such as an intra-aortic balloon pump or ventricular assist device (Impella/Tandem Heart), was documented by the
Clinical Perspective
What Is New?
• A novel objective definition for high-risk coronary intervention of native vessels has been developed and validated.
• Temporal trends in high-risk intervention suggest a significant increase over time, with significant variation across sites.
• Mechanical support utilization occurred in a minority of high-risk cases with similar site variation.
What Are the Clinical Implications?
• A novel objective definition for high-risk coronary intervention of native vessels can be applied to additional patients prospectively.
• Significant site variation in the performance of high-risk intervention and utilization of mechanical support suggests an opportunity to create clearly defined practice pathways to homogenize care and improve clinical outcomes.
operators at the time of the procedure. A chart review was performed to confirm the use and type of mechanical support used in all cases where it was documented by the operators. Clinical outcomes were ascertained through a review of administrative billing codes for readmission for recurrent myocardial infarction or readmission for stroke (Table S1) 
Statistical Analysis
A comparison among all patients undergoing PCI with those that met 3 or at least 2 high-risk criteria were done in a standard fashion, with separate testing performed with groups not identified as high risk using t tests for continuous variables and chi-squared tests for categorical variables. To assess temporal trends in performance of high-risk coronary intervention, volumes were tabulated for each quarter and plotted. Linear models using natural cubic B-spline for time were run and spline results were plotted to further explore these trends using the "splines" package in R (R Core Team, 2017). Because the trends appeared linear, we evaluated the linear association by removing the spline terms and adding a continuous predictor for quarter to the model. When assessing rates of high-risk coronary intervention and utilization of mechanical support, log-binomial models were used in place of linear models with similar use of natural cubic B-splines and a continuous predictor for time to assess linear trend on the log scale. These models did not adjust for potential confounders nor did they account for clustering of results by site, given the small sample sizes. Site-level variation in high-risk intervention and mechanical support was then assessed by adding a random intercept to the log-binomial models that contained the spline terms for time trend. Following a reference-effect measure methodology, we summarized site variation from the model by presenting the relative "risk" of high-risk intervention or use of mechanical support for a patient at a site more likely to perform this procedure (90th percentile of random-effects distribution) compared with a similar patient at a low "risk" site (10th percentile). 24 Finally, the temporal trend in major adverse events (death, readmission for myocardial infarction, readmission for stroke, or repeat revascularization) was assessed with a Cox proportional hazards model. Adjustment covariates within the model included demographic characteristics (age, race, and body mass index), medical comorbidities (congestive heart failure, chronic kidney disease, chronic obstructive pulmonary disease, cerebrovascular disease, diabetes mellitus, depression, glomerular filtration rate, hypertension, hyperlipidemia, peripheral artery disease, previous myocardial infarction, and previous coronary intervention), procedural details (elective procedure, indication, and vessel treated) as well as a frailty term to account for clustering of results by facility. Natural cubic B-splines for calendar time were included to examine the temporal trends, and the results are presented for the relative hazard of major adverse events following high-risk intervention performed at a specific time in the study period relative to an intervention occurring at the start of the study (2008), with all events censored at 2 years. A continuous predictor for time was again added to assess linear trend on the loghazard scale. All analyses were performed with R (R Core Team, 2017). A 2-tailed P<0.05 was considered statistically significant.
Results

Population
Over the study period, 111 548 PCIs were performed in the VA Healthcare System. Patients were excluded from the cohort if they were considered an emergent case with concomitant cardiogenic shock (1443) or ST-segment-elevation myocardial infarction (7217). Additional subjects were excluded if they had a previous coronary artery bypass (33 166), given that anatomical complexity could not be accurately calculated, or if they were undergoing a staged intervention after an index procedure (4883). Finally, patients with missing clinical (3954), hemodynamic (9219), or anatomical (28 950) information were excluded because it made it impossible to determine whether an intervention for these patients would be considered high risk. The majority of those excluded with missing anatomical information did not have coronary dominance denoted by the operators performing the procedure, making calculation of a simplified anatomical complexity score impossible. This resulted in an analytical cohort of 46 022 patients, of which 554 (1.2%) met 3 criteria and 4414 (9.5%) met at least 2 criteria for an HR-PCI (Figure 1 ). The number of patients from this cohort that met the medical, hemodynamic, or anatomical criteria for an HR-PCI are depicted in Figure 2 .
Patient Characteristics
Demographic and clinical characteristics of patients undergoing PCI are shown in Table 1 , stratified by the number of high-risk criteria that a given patient fulfilled. Patients that met either 3 or at least 2 high-risk criteria were significantly older and more likely to have medical comorbidities when compared with those not considered HR-PCI, including increasing burden of congestive heart failure (P<0.001), chronic kidney disease (P<0.001), chronic obstructive pulmonary disease (P<0.001), diabetes mellitus (P<0.001), and peripheral artery disease (P<0.001). The proportion of patients undergoing intervention that had previous myocardial infarctions (P<0.001) or strokes (P<0.001) was also significantly higher among those that met 2 or 3 high-risk criteria. The procedural characteristics of patients undergoing PCI are shown in Table 2 , stratified by the number of high-risk criteria that a given patient fulfilled. Patients that met either 3 or 2 high-risk criteria had a higher proportion of non-STsegment-elevation myocardial infarctions (P<0.001) compared with those undergoing interventions that did not meet any high-risk criteria. The raw proportion of mechanical support used was higher among patients meeting at least 3 (P<0.001) or 2 (P<0.001) high-risk criteria. The type of mechanical support used in each case is depicted in Figure S1 , with intra-aortic balloon pumps used in 63% (3 criteria) or 58% (2 criteria) of cases and axial flow pumps used in 36% (3 criteria) or 42% (2 criteria) of cases.
Temporal Trends
Temporal trends in HR-PCI are summarized in Figure 3 . As demonstrated, the number of patients undergoing PCI that met 3 (P<0.001) or at least 2 (P<0.001) high-risk criteria had a significant linear increase during the time period under investigation. Similarly, we observed a significant linear increase on the log scale in the proportion of interventions that met 3 (P<0.001) or at least 2 (P<0.001) high-risk criteria among all interventions, with rates approaching 1.9% and 11.2% of the total case volume in the entire healthcare system in the last full calendar year analyzed, respectively. Temporal trends in mechanical support utilization among those undergoing high-risk coronary intervention are summarized in Figure 4 . The proportion of patients receiving mechanical support had significant linear increase on the log scale among patients that met at least 2 high-risk criteria (P=0.026); however, the observed increase was not significant among those meeting 3 high-risk criteria (P=0.193). Temporal trends in the type of mechanical support utilization are reproduced in Figure 2 , demonstrating a linear increase in utilization of mechanical support other than a balloon pump among patients meeting 3 (P=0.001) and at least 2 (P≤0.001) criteria for a high-risk intervention. There were no cases of extracorporeal membrane oxygenation supported intervention in the cohort.
Temporal trends in major adverse cardiovascular and cerebrovascular events for those meeting 3 or 2 high-risk criteria, with median follow-up of 10.7 and 19.4 months, respectively, are shown in Figure 5 . In both cases, there was no discernable trend for adverse outcomes over time with nonsignificant linear trend on the log-hazard scale (P=0.179).
Site Variation
In the evaluation of site variation, a patient was 4.0 times more likely to receive a high-risk coronary intervention and 1.9 times more likely to receive mechanical support during a high-risk coronary intervention at a high utilization site (90th percentile) compared with being treated at a low utilization site (10th percentile) when requiring 3 high-risk criteria be met. Similarly, there was a 2.6 times higher likelihood for high-risk coronary intervention and a 2.1 times higher likelihood for mechanical support during a high-risk coronary intervention at a high-performing site compared with the lowperforming site when requiring that patients meet at least 2 high-risk criteria.
Discussion
The present analysis evaluated the temporal trends in highrisk coronary intervention and utilization of mechanical support in the largest integrated healthcare system in the United States. As the data demonstrate, the proportion of coronary interventions classified as high risk has steadily increased with time. Mechanical support utilization has also increased, although to a lesser degree and with significant site-level variation. These data provide important insights into the contemporary practice of high-risk percutaneous intervention as well as potential opportunities to improve care for this vulnerable population.
Evaluation of the temporal trends of HR-PCI requires a standardized definition. As acknowledged in previous consensus statements, "At present, no single, unifying definition for HR-PCI exists." 4 However, 3 categories have been proposed as variables useful in defining HR-PCI: clinical comorbidities, ventricular hemodynamics, and coronary anatomical complexity. 4, 17, 25 An ideal definition of HR-PCI should incorporate objective measures for each of these components, while maintaining applicability within existing registry infrastructure. With this in mind, standardized metrics have been developed to quantify patient risk based on pre-existing medical comorbidities, with the NCDR CathPCI Risk Score most commonly used. 21 Similarly, left ventricular hemodynamics are frequently and imperfectly summarized with a singular measure of ejection fraction. Coronary anatomical complexity is challenging to characterize with a single measure, though complicated scores, such as the SYNTAX score, have been widely applied. 26, 27 The present analysis incorporates each of these objective measures, with coronary anatomical complexity estimated using a previously published and validated simplification of the SYNTAX score applicable for large data sets. 22 The resulting cohort is a specific population with markers of risk in all 3 domains currently recognized by consensus documents as high-risk components for PCI. The increasing medical and anatomical complexity of patients treated in the cardiac catheterization laboratory has led to an increase in HR-PCI. Previous research has demonstrated that the number and breadth of medical comorbidities among patients treated in the cardiac catheterization laboratory have markedly increased. 28 Similarly, data have demonstrated an expanding prevalence of patients with cardiomyopathy and reduced ejection fraction that may require coronary revascularization. 29 Finally, the anatomical complexity of patients treated with percutaneous means has also increased. 22, 30 This combination of factors may have contributed to an increase in the proportion of patients that Groups meeting 3 and ≥2 high-risk criteria are not mutually exclusive; therefore, separate testing with P values were performed comparing patients with 3 vs <3 high-risk criteria and ≥2 vs <2 high-risk criteria. Data presented as mean (SD) for continuous variables or percentages for categorical variables. HR-PCI indicates high-risk percutaneous coronary intervention.
are ineligible for surgical revascularization and thus proceed with percutaneous revascularization at an increased risk. 3 The present analysis is consistent with these findings, given that the data suggest an increased proportion of patients that can be classified as high risk over time. The performance of highrisk interventions also appears to be clustered at specific sites within our integrated healthcare system, suggesting an efficient means to treat patients at specialized centers accustomed to performing higher-risk cases. These higherrisk cases may benefit from specialized technical skills and the availability of more-advanced mechanical support to facilitate intervention. Mechanical support utilization increased with time for subsets of patients undergoing HR-PCI, albeit with significant variation across different sites. Previous consensus statements have suggested that mechanical support be considered for patients that meet high-risk criteria. 17 With this in mind, previous research has demonstrated a concomitant increase in balloon pump use during elective intervention within the VA Healthcare System. 31 The present analysis adds to these data, demonstrating a general trend toward increasing mechanical support among patients undergoing high-risk intervention. Furthermore, the data suggest that the use of novel mechanical support other than balloon pumps is increasing most rapidly, particularly in the most recent year analyzed. Despite the increased use of mechanical support, it remains rarely utilized in this cohort, with only 16% of HR-PCI being performed in a supported fashion. Perhaps the presence of significant peripheral artery disease in this cohort restricts the use of large-bore mechanical support. More important, however, there is a significant variation in the use of mechanical support across different facilities within an integrated healthcare system. Similar high-risk patients may experience a 2-fold difference in likelihood of receiving a supported intervention simply by changing procedure location. This heterogeneity may reflect local case mix, resource availability, as well as practice and referral patterns dependent on local expertise. In addition to this variability, the fact that only a small proportion of total high-risk interventions are done in a supported fashion underscores the need for further standardization of practice patterns. A larger randomized trial of mechanical support among high-risk patients would help elucidate the subpopulations that might be best served by this therapy, particularly in light of the growing number of high-risk procedures being performed.
Limitations
The present analysis should be interpreted in the context of several limitations. As alluded to, the definition of a high-risk coronary intervention is ambiguous. We attempted to create an objective definition using previously published consensus documents that highlight the various factors that may make a given intervention high risk. Furthermore, we have performed parallel analyses for patients that fulfilled 2 or 3 of the highrisk domains to provide both specific and sensitive definitions of a high-risk intervention. It is important to note that broader definitions encouraged by other professional societies may encapsulate patients that were not included in our cohort. 32 Specifically, we could not accurately determine whether a patient with a previous bypass was undergoing intervention to a high-risk lesion, and thus all patients with previous surgical revascularization who are often clinically and anatomically complex were excluded in order to generate highly specific A B Figure 4 . Temporal trends in the utilization of mechanical support for patients that met 3 (A) or at least 2 (B) of the criteria for a high-risk coronary intervention. As shown, the proportion has slightly increased in both cases being used in 16% of patients that met all 3 criteria and 8% in those that met 2 criteria. The temporal trends suggest no significant increase in the use of mechanical support among those that met 3 criteria (P=0.193), though there was a linear increase among those that met 2 criteria (P=0.026). PCI indicates percutaneous coronary intervention; Q1, first quarter.
results. The role of mechanical support in reducing the morbidity and mortality of high-risk coronary intervention is of intense interest. As an observational analysis, however, we are unable to compare the outcomes of patients that received mechanical support and those that did not because of significant unmeasured residual confounding. Because of the observational nature of this analysis, we are subject to further limitations, including possible misclassification of important variables and missing data, which, after exclusions, may lead us to understate the true high-risk volumes observed. Finally, the population and providers within this large integrated healthcare system may not reflect the sex or ethnic diversity found in other settings. Additional analyses in other data sets exploring other populations would be helpful in corroborating or refuting our findings.
Conclusions
The proportion of cases categorized as HR-PCI being performed has increased over time in a large integrated healthcare system, though with significant site-level variability. Despite consensus recommendations, the majority of these cases are performed without mechanical circulatory support, and use of support appears to be tied to site rather than patient characteristics. This discrepancy between recommendations and observed clinical practice highlights an opportunity to standardize practice patterns for patients undergoing HR-PCI.
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As shown, there was no statistically significant difference in major adverse events relative to procedures performed at the start of the study.
